In GRB 051221A, an X-ray afterglow flat segment lasting ∼ 10 4 seconds represents the first clear case of strong energy injection in the external shock of a short GRB afterglow. In this work, we show that a millisecond pulsar with dipole magnetic field ∼ 10 14 Gauss could well account for that energy injection. The good quality X-ray flat segment thus suggests that the central engine of this short burst may be a millisecond magnetar.
INTRODUCTION
GRB 051221A was localized by the Burst Alert Telescope (BAT) onboard the Swift satellite (Parsons et al. 2005) and promptly observed by both Swift/BAT and the Konus-Wind instrument. The Swift observations reveal this is a short hard burst, with T90 = 1.4 ± 0.2 s, a hard photon index α = −1.39 ± 0.06, and a fleunce 1.16 ± 0.04 × 10 −6 ergs cm −1.7 × 10 −6 erg cm −2 , a low-energy photon index α = −1.08 ± 0.14, and an observed peak energy E peak = 402 +93 −72 KeV (Golenetskii et al. 2005) . With a redshift z = 0.5459 (Soderberg et al. 2006) , this burst's isotropic prompt emission energy is Eγ ∼ 2.4 × 10 51 erg, using the ΛCDM concordance model of ΩM = 0.27, ΩΛ = 0.73, and h = 0.71.
Both the X-ray (∼ 10 2 − 2 × 10 6 s) and the optical (∼ 10 4 − 4 × 10 5 s) afterglow light curves of GRB051221A have been well detected, and in the radio band only one data point followed by several upper limits is available. This burst is distinguished by an X-ray flattening at t ∼ 0.03 − 0.2 day, which strongly suggests a significant energy injection (Soderberg et al. 2006; Burrows et al. 2006) . However, the nature of that energy injection is not clear. In the widely accepted double neutron star merger model for the short/hard burst, supported by the lack of detection of the bright supernova component in the current event (Soderberg et al. 2006 ), the ⋆ Lady Davis Fellow, E-mail: yzfan@pmo.ac.cn material ejected in the merger is ∼ (10 −4 − 10 −2 )M⊙ (Rosswog et al. 2000; Ruffert & Janka 2001) . Given an energy conversion efficiency ∼ 0.001, the fall-back accretion of part of that material onto the central compact remnant is not likely to be able to pump energy up to ∼ 10 52 erg, even with moderate beaming correction. So the fall-back accretion model, which may give rise to significant energy injection in the collapsar scenario of long/soft GRBs (MacFadyen, Woosley & Heger 2001), does not work in the current case.
In this work, we'll show that the afterglow powered by an ejecta suffering energy injection from a millisecond pulsar with a dipole magnetic field ∼ 10 14 Gauss (i.e., a magnetar) is consistent with the multi-wavelength data. The good quality X-ray flat segment thus suggests that the central engine of this short burst may be a millisecond magnetar.
ANALYTICAL INVESTIGATION
In the long/soft GRB scenario, the energy injection caused by a millisecond pulsar has been discussed in some detail (Dai & Lu 1998; Wang & Dai 2001; Zhang & Mészáros 2001; Dai 2004; Zhang et al. 2006) . Similarly, provided that the gravitational wave radiation is not important, the dipole radiation luminosity of a magnetar can be estimated by
where B ⊥,14 = Bs,14 sin θ in units of Gauss, θ is the angle between the magnetic dipole moment and rotational axis, Bs is the surface magnetic field strength of the magnetar, Rs is the radius of the magnetar, Ω is the initial angular frequency of radiation, the subscript "b" represents the time measured in the burst frame, To = 1. is the typical moment of inertia of the magnetar (Pacini 1967; Gunn & Ostriker 1969) . Here and throughout this text, the convention Qx = Q/10 x has been adopted in cgs units. The energy emitted at t b will be injected into the previous GRB ejecta at time T b satisfying
where β, in units of the speed of light c, is the velocity of the ejecta moving toward us. The corresponding observer time is
Equations (2-3) yields t = (1 + z)t b + (1 + z)
At time T b , the energy injected into the ejecta satisfies
So the energy injection rate dE/dt ∼ const for t ≪ (1 + z)To and dE/dt ∝ t −2 for t ≫ (1 + z)To. A general energy injection form can be written as dE/dt = A(1 + z) −1 (t/to) −q for ti < t < t f , where ti and t f are the times when the energy injection takes place and turns off, respectively (Zhang & Mészáros 2001; Zhang et al. 2006) . GRB ejecta's dynamical evolution, at a time tc, is significantly changed when injected energy roughly equals to its initial kinetic energy, i.e.,
Accordingly, magnetar model in this work requires to = 1, ti ∼ 0 and q ∼ 0 for tc < (1 + z)To, which leads to A ∼ (1 + z)Eγ/tc, and so 2.6 × 10
For t > (1 + z)To, the rate of the energy injection drops sharply or even the central supermassive magnetar has collapsed when it has lost significant part of the angular momentum, which indicates that the afterglow lightcurve flattening weakens at the time t f ≥ (1 + z)To. So we have
From eqs. (5) and (6), the total injected energy could be estimated as
. On the other hand, with and without energy injection, the contrast of forward shock X-ray emission flux can be estimated by (Kumar & Piran 2000) f
where p ∼ 2.3 is the power-law index of the shocked electrons. Equations (5-7) are our main relations to constrain the physical parameters of the underlying magnetar.
From the X-ray observations of GRB051221A, we measure tc ∼ 3000 s, t f ∼ 1.5 × 10 4 s, and f ∼ 6. Substitute p and f into equation (7), we find E k ∼ 7.6 × 10 51 I45Ω 2 4 erg is well consistent with the observational result E k ∼ 2Eγ ∼ 4.8 × 10 51 erg when taking typical I45 ∼ 1.5, Ω4 ∼ 0.65 (i.e. 1 millisecond period), and the GRB efficiency η = E k /(E k + Eγ ) ∼ 30%. Furthermore, the measurements of tc, t f , f , and p are well consistent with the constraint relation f ≃ (t f /tc) (p+2)/4 . So we conclude that the central engine may be a magnetar. Its physical parameters are (Ω, Rs, B ⊥ , I) ∼ (6500 s −1 , 13 km, 10 14 Gauss, 1.5 × 10 45 g cm 2 ) according to the above constraint relations. An additional constraint is on the ellipticity ǫ of the magnetar. As shown in Shapiro & Teukolsky (1983) , the spin-down timescale due to the gravitational wave radiation is τgw ∼ 3 × 10
s. Now τgw > t f ∼ 1.5 × 10 4 s, we have ǫ < 5 × 10
4 .
NUMERICAL FIT TO THE AFTERGLOWS OF GRB 051221A
We interpret the apparent flattening in the X-ray light curve being caused by an energy injection from the central magnetar. Yet the flattening episode is unapparent in the optical and radio bands because of limited observations. The code used here is quite similar to that of Fan & Piran (2006) , in particular that in their section 3.1. The dynamical evolution of the outflow is calculated with the formulae presented in Huang et al. (2000) , which are able to describe the dynamical evolution of the outflow in both the relativistic and the non-relativistic phases. One modification is that now we have taken into account the energy injection (see eq. (12) of Fan & Piran (2006) for instance). The electron energy distribution is calculated by solving the continuity equation with the power-law source function Q = Kγ −p e , normalized by a local injection rate (Moderski, Sikora & Bulik 2000) . The cooling of the electrons due to both synchrotron and inverse Compton has been taken into account. The synchrotron radiation of the forward shock electrons on the "equal arriving surface" (on which the emission reaches us at the same time) has been calculated strictly.
We consider a uniform relativistic jet undergoing the energy injection from the central source and sweeping up its surrounding uniform medium. The energy injection has been taken as dE/dt = 2×10 48 erg s −1 (1+t/1.5×10 4 ) −2 for t < 1.5×10 4 s otherwise dE/dt = 0 (i.e., we assume that the supermassive magnetar collapses when it has lost significant part of its angular momentum). As usual, the fractions of shock energy given to the electrons and magnetic field (i.e., ǫe and ǫB) are assumed to be constant. Shown in Figure 1 is our numerical fit with the following jet parameters: E k = 7 × 10 51 erg, ǫe = 0.3, ǫB = 0.0005, the circumburst density n = 0.01 cm −3 , the half-opening angle θj = 0.1, and the viewing angle θ obs =0 (i.e. on-beam viewing).
One caveat is that the dipole radiation of the magnetar is almost isotropic. The medium surrounding the magnetar but out of the GRB ejecta cone would be accelerated by the energetic wind. Because the energy injected into the GRB ejecta is larger than that contained in the initial ejecta, the outflow contributing to the afterglow emission would be close to be an isotropic fireball rather than a highly jetted ejecta. So the magnetar energy injection model is somewhat challenged by the late jet break detected in GRB 051221A. However, this puzzle could be resolved if in other directions a large amount of baryons (∼ 0.01 M⊙) ejected in the double neutron star merger have existed there, as found in the previous numerical simulations (Rosswog et al. 2000; Ruffert & Janka 2001) . The ejected material would be accelerated by the magnetar wind to a bulk Lorentz factor ∼ a few, provided that Einj ∼ 10 52 erg. This wide but only mildrelativistic outflow will give rise to a very late (∼ 10 6 − 10 7 s after the burst) multi-wavelength re-brightening. However, for typical parameters taken in this Letter (the isotropic energy is 1.5 × 10 52 erg and the initial Lorentz factor is 5.0, i.e., assuming the material ejected from the merger is about 1.5 × 10 −3 M⊙), the flux is not bright enough to be detectable. The emission peaks at t ∼ 3 × 10 6 s. The 0.3-10 keV flux is ∼ 1 × 10 −15 erg s −1 cm −2 which is marginal for the detection of Chandra, and the 8.46 GHz flux is ∼ 0.01 mJy. Both are consistent with the extrapolation of current observations (Soderberg et al. 2006; Burrows et al. 2006) . If an event like GRB 051221A takes place much closer, for example, at z ∼ 0.1, such very late multi-wavelength rebrightening may be detectable for Swift XRT or Chandra and other radio telescopes. This predication could be tested in the coming months or years.
DISCUSSION AND SUMMARY
Short hard GRBs may be powered by the merger of double neutron stars (e.g. Eichler et al. 1989 ). For GRB 051221A, ruling out of bright supernova component in the late optical afterglow lightcurves suggests that the progenitor is not a massive star and instead is consistent with the double neutron star merger model. After the energetic merger, a magnetar may be formed. This speculation is based on various dynamo mechanisms (Rossowog, Ramirez-ruiz & Davis 2003; Gao & Fan 2006 and references therein) and in particular the MHD simulation of the two neutron star coalescence (Price & Rosswog 2006) . How long can the supermassive magnetar survive? In the general-relativistic numerical simulation, the resulting hypermassive magnetar collapses in a very short time ∼ 100 ms . The hypermassive magnetar has a mass exceeding the mass limit for uniform rotating but the supermassive magnetar does not. As shown in Duez et al. (2006) , a supermassive magnetar may be able to survive in a long time. In view of the uncertainties involved in the numerical simulation, some constraints from the observation rather than just from the theoretical calculation are needed.
Thanks to the successful running of Swift and Chandra, now short GRBs could be localized rapidly and their X-ray afterglows could be monitored continually. The X-ray flat segment in GRB 051221A strongly suggests a significant energy injection. Such an energy injection could be well understood if the central engine is a millisecond pulsar with a dipole magnetic field ∼ 10 14 Gauss. The X-ray flat segment in GRB 051221A thus provides us a possible evidence for a long time living magnetar formed in the double neutron star merger. In this scenario, the material ejected from the merger would be swept and accelerated by the strong magnetar wind. This wide but mild-relativistic component would give rise to a very late multi-wavelength re-brightening and might be detectable for an event like GRB 051221A but much closer.
We would like to point out that the magnetar energy injection model is not unique to account for the data. For example, assuming the energy carried by the material of the initial GRB ejecta satisfies the relation E(> Γ) ∝ Γ −4.5 (Rees & Mészáros 1998; Sari & Mészáros 2000) , the X-ray afterglow lightcurve of GRB 051221A could also be well reproduced (Soderberg et al. 2006; Burrows et al. 2006) . However, the physical process pumping such kind of energy injection, in particular in the short GRB scenario, is not clear yet.
